The t(4;11) translocation is the cytogenetic hallmark of a subset of acute lymphoblastic leukemias characterized by pro-B immunophenotype and a dismal prognosis. This translocation fuses the MLL gene on chromosome band 11q23 and the AF4 gene on 4q21, resulting in the expression of fusion transcripts from both translocated chromosomes. The MLL-AF4 chimeric transcript is thought to mediate the leukemic transformation. The MLL genomic disruption detected by Southern blot and the RT-PCR for the MLL-AF4 chimeric transcript expression are molecular evidence of this chromosomal translocation. However, similar molecular rearrangements have also been identified in cases without the cytogenetic t(4;11). We report a 30-year-old patient with high risk ALL, a normal karyotype, and molecular evidence of MLL-AF4 fusion. Using a double color FISH assay with MLL specific PAC probes, a cryptic t(4;11) due to insertion of 5′ MLL sequences in chromosome 4q21 was demonstrated. Consequently the MLL-AF4 was encoded by der(4). This insertion mechanism precludes the genomic recombination of AF4-MLL and supports the crucial role played by MLL-AF4 in leukemogenesis. The findings of our case, along with others, show the importance of complementing the karyotype with molecular and FISH techniques. Leukemia (2001) 15, 595-600.
Introduction
Cytogenetic studies revealed different chromosomal translocations involving the 11q23 region in hematological neoplasias. One of the most common recurrent chromosome 11q23 rearrangements, t(4;11)(q21;q23), results in the fusion of the MLL (HRX, Htrx-1 or ALL-1) gene on 11q23 to the AF4 (FEL, LTG4 or MLLT2) gene on 4q21. 1, 2 The translocation t(4;11) occurs in the majority of infant leukemia and in 3-6% of de novo adult acute lymphoblastic leukemia (ALL) and is associated with an exceedingly poor prognosis. 3, 4 MLL encodes a large protein of 3968 amino acids that contains a C-terminal region with homology to the Drosophila trithorax gene, two central zinc-fingers, a domain with homology to methyltransferase, a proline-rich region and three Nterminal A-T hooks regions. The homology to trithorax and the AT hook of the high mobility group of protein (HMG) suggests that the MLL protein possesses the capability to bind DNA and to regulate the expression of downstream genes. 2, 5, 6 Breakpoints in MLL are clustered in a small genomic breakpoint cluster region (bcr) of 8,3 kb encompassing exons [8] [9] [10] [11] [12] [13] [14] (according to the nomenclature by Nilson et al, 1996) . 5, 7, 8 AF4 encodes a serine/proline-rich protein containing GTP-binding and putative nuclear localisation sequences (NLS) and is prob- ably involved in transcriptional activation functions. 9 The majority of breakpoints in AF4 are clustered in a 52 kb genomic region located between exon 3 and 7 (nomenclature according to Nilson et al, 1997) . 10 The translocation t(4;11) generates two reciprocal derivative chromosomes encoding chimeric mRNA transcripts from both derivative chromosomes. The chimeric transcript 5′ MLL-AF4 3′ can be detected by reverse-transcriptase polymerase chain reaction (RT-PCR) as a rapid and sensitive strategy. [11] [12] [13] [14] Interestingly, molecular rearrangements have been identified in cases lacking the cytogenetically t(4;11). [15] [16] [17] We report here a patient with high risk ALL carrying a normal leukemic karyotype and MLL rearrangement detected by Southern blot analysis and RT-PCR. Multicolor FISH analysis using a newly developed set of PAC probes for the MLL region 18 and a PAC probe for the AF4 region revealed a monoallelic double breakpoint, one in the MLL bcr and the second approximately 250 kb 5′ of the MLL bcr, and insertion of the 5′ MLL fragment into the AF4 locus at 4q21.
Case report
A 30-year-old male was admitted to the Department of Haemato-Oncology of the CHR de la Citadelle (Liège, Belgium) in November 1998 after a 2-3 weeks history of asthenia, anorexia, dyspnea, fever and recently violent occipital headache. Clinical signs included pallor, axillary, cervical and subclavicular lymphadenopathy and mild splenomegaly. Hematological findings were as follows: hemoglobin 4.6 g/dl, white blood cells count 759 × 10 9 /l with 97% blast cells and platelets 49 × 10 9 . A bone marrow aspiration confirmed the diagnosis of precursor B-ALL with CD19(+), CD10(−), CD20(−) immunophenotype (pro-B ALL in the EGIL nomenclature) and the spinal fluid demonstrated CNS involvement. A high risk FAB L1 leukemia was diagnosed. Two leukaphereses reduced the hyperleukocytosis. The patient was treated according to the LALA-94 protocol and complete remission was achieved after 34 days of induction therapy. An allogeneic bone marrow transplant from a non-related donor was performed in April 1999. No major complications were experienced with the exception of cholocystectomy by laparoscopy, and repeated infections. At the last control, in July 2000, 15 months after allograft, he was alive and well, still in first complete remission.
Materials and methods

Cytogenetic studies
Cytogenetic studies were done on bone marrow aspiration obtained at diagnosis and during follow-up, using standard techniques, ie unstimulated short term cultures and R-banding of chromosomes. Cytogenetic cell suspensions were stored in fixative at −20°C for subsequent FISH studies.
FISH studies
Slides for metaphase and interphase FISH were pre-treated as previously described, 18 followed by DNA denaturation in a 70% formamide/2 × SSC solution at 75°C.
To investigate an MLL rearrangement a recently described double-color FISH assay using a set of two PAC clones was applied. 18 These two PAC clones (217A21 and 167K13) map centromeric and telomeric to the MLL bcr with a minimal overlap (15 kb) in this region. To determine the site of a second breakpoint additional PAC clones (258H2 representing CD3D and 117E6 for RCK) were used in doublecolor experiments (see Figure 2a for location). All MLL/11q23 PAC clones were derived from the RPCI-1 Human PAC Library of the Roswell Park Cancer Institute (obtained from Dr J den Dunnen, Genome Technology Center, LUMC, Leiden, The Netherlands) as reported in detail previously. 18 All probes were biotin or digoxigenin labelled by nick translation (Roche, Basel, Switzerland).
The hybridization mixtures contained 30 ng DNA of each probe and 1.5 g human Cot-1 DNA in 50% formamide. The mixtures were denatured at 80°C for 5 min, cooled on ice and pre-annealed at 37°C for 30 min. Hybridization was carried out overnight at 37°C in a moist chamber. The methods for double-color immunodetection of hybridization signals have been previously described. 18 A single metaphase slide was reused for a second hybridization with a chromosome 4 centromeric biotinylated probe (Vysis Inc, Downers Grove, IL, USA), as previously described. 19 In addition, commercially available probes were used to investigate MLL (YAC YB22B2, Oncor, Gaithersburg, MD, USA), BCR (22q11)/ABL (9q34), and the centromeric regions of chromosomes 4, X and Y (all purchased from Vysis). The probe mixtures and hybridizations were performed according to the manufacturer's instructions.
Fiber FISH
Slides for fiber FISH were prepared as described by Vaandrager et al 20 To determine the genomic size of the insertion a combination of three PAC clones (258H2, 217A21 and 167K13) and cosmid clone c116 18 were used (see Figure 2c for location). To determine the exact position of the insertion in chromosome 4q21 an additional PAC clone (583J12) was used. 21 This PAC clone 583J12, derived from the RPCI-1 Human PAC Library, contains the complete AF4 gene downstream from the exons 2/3 area. PAC clones 258H2, 167K13 and 583J12 were digoxigenin-labelled and PAC clone 217A21 and cosmid clone c116 were biotin-labelled, all by nick translation. The hybridization mixtures contained 30 ng DNA of each probe and 1.5 g human Cot-1 DNA in 30% formamide. The same hybridization and immunodetection methods were used as for interphase FISH; digoxigenin-labelled probes were identified with FITC and biotin-labelled probes were identified with Texas Red.
Microscopy
Slides were analyzed with a Leica DMRXA fluorescence microscope equipped with a PL Fluotar 100× NA 1.30 to 0.60 objective and a triple band pass filter for FITC, TexasRed and DAPI.
Images were captured using a COHU 4910 series monochrome CCD camera (COHU, San Diego, CA, USA) attached to the fluorescence microscope and Leica Q-FISH software (Leica Imaging Systems, Cambridge, UK). Images were processed with Adobe Photoshop (version 5.0; Adobe Systems, Mountain View, CA, USA).
Southern blot, RT-PCR and sequence analysis
Genomic DNA from bone marrow cells was digested by restriction endonucleases BamHI, BglII and HindIII. A 0.86 kb BamHI cDNA fragment of MLL (B859) was used as a probe. 22 Southern blotting, probe labelling and hybridization were carried out by standard methods.
RT-PCR analysis of the MLL-AF4 transcript was performed with primers and methods as described in Repp et al. 23 The sensitivity of the assay was established using cDNA of RS(4;11) cell line (ATCC, Manassas, VA, USA) diluted with the control cell line HL60 showing that one t(4;11) cell among 10 4 could be detected. For sequence analysis the RT-PCR fusion products were ligated into pGEM-T Easy (Promega, Madison, WI, USA) overnight at 4°C. The ligation reaction was transformed into electrocompetent XL-1 blue cells. Plasmid DNA was extracted using Nucleobond AX20 cartridges (Macherey-Nagel, Dü ren, Germany). Plasmids with the correct insert size were sequenced using an ALF-DNA sequencer and the Thermosequenase fluorescent labelled primer cycle sequencing kit (Amersham-Pharmacia, Buckinghamshire, UK). Sequences were compared with MLL (accession No. L04284) and AF4 (accession No. L13773) present in the Genbank and EMBL databases using the Blast program.
Results
Cytogenetic analysis performed at presentation (40 metaphases analyzed) and at nine follow-up time points before allografting, revealed a normal male karyotype, 46,XY. After transplantation the bone marrow showed a normal female karyotype, 46,XX, of donor origin.
Southern blotting showed genomic disruption of MLL and RT-PCR and sequence analysis revealed the presence of a common MLL-AF4 transcript with MLL exon 10 fused to AF4 exon 4 ( Figure 1 ). These data suggested the presence of a cryptic t(4;11). In order to evaluate this, two PACs mapping 5′ and 3′ of the MLL bcr (217A21 and 167K13) were used in a double-color FISH assay. In normal cells, the two intact chromosomes 11 show colocalization of the two PAC clones both on metaphase chromosomes and interphase nuclei. Disruption of MLL by translocations will result in segregation of two single color signals (one on each derivative chromosome) and one two-color colocalization signal on the normal chromosome 11. In the present case, 89.5% of the 200 interphase cells analyzed at presentation showed segregation of signals confirming MLL rearrangement in the majority of cells.
On metaphase preparations the PAC corresponding to the MLL sequence distal to the breakpoint (167K13) hybridized on a by R-banding normal appearing chromosome 11, while the PAC with sequences 5′ to the MLL bcr (217A21) was inserted in the long arm of another chromosome (Figure 2a) . Re-hybridization of the same metaphase preparation with a centromere 4 probe revealed that the 5′ part of MLL was inserted into chromosome 4 (Figure 2a ). These data suggest that 5′ MLL sequences have been inserted into the AF4 locus on chromosome 4. This configuration however, suggests the occurrence of a second breakpoint on the same allele 5′ of the breakpoint in the MLL bcr. To test this hypothesis various Leukemia combinations of probes mapping 5′ and 3′ of the MLL bcr were applied using double-color FISH on interphase nuclei (Figure 2b ). Interphase FISH showed no segregation of the CD3D probe (258H2) with the RCK probe (117E6) (Figure 2b ) and the 3′ MLL probe (167K13) (Figure 2b ). This suggests that the second breakpoint was located between the CD3D locus and the 5′ part of MLL. This was confirmed by the segregation of the CD3D probe and the 5′ MLL probe (Figure 2b ). To map these breakpoints more accurately, fiber FISH using probes for the CD3D-MLL-RCK region (Figure 2c ) revealed the location of the additional breakpoint approximately 250 kb 5′ of the MLL bcr (Figure 2c) . A 250 kb chromosome 11 fragment that includes the entire 5′ part of MLL was deleted (der 11, Figure 2c ) and inserted into the AF4 gene. The latter was proven by fiber FISH analysis with the CD3D PAC clone (258H2) and the MLL PAC clone (217A21) for chromosome 11 in combination with an AF4 PAC clone (583J12) that covers the AF4 bcr (Figure 2d ).
Discussion
The case presented here is, to our knowledge, the first demonstration of a cryptic t(4;11) due to insertion of 5′ MLL sequences into chromosome 4 and consequently encoding a MLL-AF4 fusion transcript. The patient presented with a high count of blast cells with a pro-B phenotype and CNS involvement which are classical features of t(4;11)-ALL. The karyotype was normal since the insertion was submicroscopic.
Previous studies have reported the occurrence of MLL-AF4 positive ALL in the absence of cytogenetic evidence for a t(4;11). 15, 17, 24 This was mostly based on RT-PCR detection of MLL-AF4 transcripts and was interpreted either as a failure to analyze the leukemic metaphases or by the presence of putative cryptic chromosomal rearrangement. However, RT-PCR analysis of MLL-AF4 fusion may generate ambiguous results in cases lacking the cytogenetically t(4;11) 24 different from analysis on the genomic level. Using interphase FISH and fiber FISH with locus specific FISH probes, we show the existence of a cryptic t(4;11) translocation, resulting from a double mono-allelic breakpoint and insertion of the 5′ MLL sequences into the AF4 locus. A similar insertion mechanism might occur in BCR/ABL fusions as has been suggested for the Philadelphia-negative BCR/ABL fusion in CML. 25, 26 Furthermore, similar chromosomal insertions could account for other reported cryptic translocations, t(15;17) and t(8;21) in AML 27,28 and t(2;5) in anaplastic large cell lymphoma. 29 Nevertheless, by using high-resolution fiber FISH we were able to visualize the insertion of an encoding fusion gene. The characterization of our case shows the interest of FISH at diagnosis using locus specific probes in a two-color assay applicable on interphase nuclei, especially in cases with a normal karyotype.
Due to the insertion, the MLL-AF4 is transcribed from the der(4) and not from the der(11), which is the most common configuration. Furthermore, the absence of a reciprocal insertion prevents transcription of AF4-MLL, which supports the hypothesis that the MLL-AF4 is the oncogenic protein. This is in line with other observations, like the deletion of 3′ MLL sequences associated with translocations of MLL with various partners in a subset of cases 7, 18 and the failure to detect the der(4) chimeric transcript in some cases expressing MLL-AF4. 12 Whether expression of the reciprocal AF4-MLL transcript contributes to the disease phenotype and aggressiveness is still unknown. In conclusion, our observation, along with others, shows the importance of complementing cytogenetics with molecular and FISH techniques to analyze unusual cases.
